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Abstract 
    The effect of ultrasonic melting processing (USP) on three-dimensional (3D) architecture of 
intermetallic phases and pores in two multicomponent cast Al–5.0Cu–0.6Mn–0.5(1.0)Fe alloys 
is characterized using conventional microscopy and synchrotron X-ray microtomography. The 
two alloys are found to contain intermetallic phases such as α-Al15(FeMn)3Cu2, β-Al7Cu2Fe, 
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Al3(FeMn), Al6(FeMn), and Al2Cu that have complex networked morphology in 3D. The 
application of USP in alloys can obtained refined and equiaxed microstructures. The grain size 
of 0.5Fe and 1.0Fe alloys is greatly decreased from 16.9 μm, 15.8 μm without USP to 13.3 μm, 
12.2 μm with USP, respectively. The results show that USP significantly reduce the volume 
fraction, grain size, interconnectivity, and equivalent diameter of the intermetallic phases in 
both alloys. The volume fraction of pores in both alloys is reduced due to the USP degassing 
effect. The refinement mechanism of USP induced fragmentation of primary and secondary 
dendrites via acoustic bubbles and acoustic streaming flow were discussed. 
Keywords: Ultrasonic melting processing; Refinement; Fe-rich phases; Aluminum alloys; 
Pores; Synchrotron X-ray tomography 
 
1. Introduction 
     Aluminium (Al) alloys as one kind of most widely used metallic alloys in the automobile 
and aerospace field owing to the high specific strength, high corrosion resistance, and excellent 
recyclability [1]. Iron is the common impurity in the commercial Al alloys, which make a great 
challenge to the aluminium recycling [2]. Recycled Al-Cu casting alloys are widely used in the 
transportation industry by reduced vehicle weight, fuel consumption and greenhouse gas 
emission [3]. With the accumulation of iron could be resulting in the formation of hard and 
brittle Fe-rich intermetallic phases (named Fe-rich phases hereafter), especially the plate-like 
β-Al5FeSi and β-Al7Cu2Fe, which have the detrimental effect on the castability and mechanical 
properties [4]. Thus, the authors [5, 6] have been carried out to modify the morphology of Fe-
rich intermetallic phase from plate-like to less-harmful Chinese script through addition the 
neutralize element, i.e., Mn and Si. However, additions of neutralizing elements increase the 
volume fraction of Fe-rich intermetallic phases and decrease the toughness of the alloys. The 
physical external field [7-9], such as ultrasonic field and magnetic field, is a kind of sustainable 
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and economical method for improving the quality and soundness of casting ingots. The 
application of ultrasonic melt processing (USP) in Al melting during solidification has the 
advantage of grain refinement and reduce porosity and improve structural homogeneity [10]. 
It is generally recognized that the mechanisms of cavitation-enhanced nucleation and 
cavitation-induced fragmentation contribution to the grain refinement of alloys [8, 9]. 
Therefore, several attempts have been made to alter the morphology and distribution of 
intermetallic phases, such as Fe-rich phases in Al alloys, through the application of USP [11, 
12]. Understanding the morphology and distribution of Fe-rich intermetallic phases can provide 
the better way to evaluate the properties of the alloys. Presently, mostly researches to reveal 
the Fe-rich intermetallic phases of samples is characterised by 2-dimensions (2D) images using 
optical or electron microscopy. However, it is different to fully reveal the complicated 3-
dimensional (3D) morphologies and spatial structure of the Fe-rich phases.  
Combined transmission electron microscopy (TEM) and focused ion beam (FIB) 
tomography methods have been used to study the 3D morphology of Fe-rich phases in Al-Si 
alloys and found that the Chinese-script α-Al15(FeMn)3Si2 phase has a highly concentrated 
branched network structure in 3D morphology [20]. The application of serial sectioning method 
in 3D rendered the structures of Fe-rich phases and found that USP can effectively refined the 
Fe-rich phases [21]. However, FIB is normally used for sectioning sub-micrometre features 
and serial sectioning is often very time-consuming. Thanks to the advantage of high brilliance 
third-generation synchrotron X-rays sources with improving spatial and temporal resolution 
[13], which provide powerful technique to study the microscale particles, such as Fe-phases in 
present study. Because of the non-destructive characteristics when X-rays penetrate deeply into 
materials, synchrotron radiation X-ray computed tomography (SRXCT) has proved to be the 
unique and powerful method for 3D characterization of microstructure of a wide variety of Al 
alloys [14]. Recently progress reported on the 3D characterisation of Fe-rich phases using 
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SRXCT is mainly focused in Al-Si alloys [15-19] and found the Fe-rich phases had a plate-like 
morphology. Recently, the highly interconnected 3D morphology Fe-rich intermetallic phases 
were reported in Al-Cu alloys [22], while they only focused in low Fe content (0.1% wt.). Plate-
like Al3(MnFe) and β-Fe and Chinese script Al6(MnFe) and α-Fe may appear in Al-Cu alloys 
[23], which are quite different from those in Al-Si alloys. The 3D morphology of α-Al dendrites 
arms of AA6082 alloy containing Y2O3 composites appear much thinner, more branched and 
curved by applying USP using in-situ SRXCT methods [24]. The SRXCT results indicated that 
the 3D distribution of copper sulfate particles in solid polymer has been changed by USP [25]. 
To date, few detailed investigations of 3D morphology of Fe-rich phases in Al-Cu alloys and 
the effect of USP on them. Furthermore, the mechanisms of USP treatment causes 3D 
morphology changes of Fe-rich phases are not fully understood.                
In the present study, we using OM, SEM and SRXCT technique to comparatively study the 
3D structures and morphologies of Fe-rich phases, Al2Cu and pores formed in Al–5.0Cu–
0.6Mn–0.5(1.0)Fe alloys. For the first time, we clearly demonstrated USP change the 3D 
morphologies and distributions of the Fe-rich phases, Al2Cu and pores. From the experimental 
results, the mechanisms of grain refinement and reduced porosity induced by USP were 
established. 
 
2. Experiment and methods 
2.1 Materials 
The design composition of two alloys were Al-5.0Cu-0.6Mn-0.5Fe (0.5Fe) and Al-5.0Cu-
0.6Mn-1.0Fe (1.0Fe, in wt.%). The actual chemical composition of alloys was determined by 
optical emission spectroscopy, the results is listed in Table 1. These alloys were prepared using 
the commercial pure Al ingot (99.9%), Al-20Cu master alloy, Al-10Mn master alloy and Al-
10Fe master alloy with the correct charge weight. The liquidus temperature of the two alloys 
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was determined to be approximately 657 and 656 °C, respectively [26]. To prepare these two 
alloys, the raw materials were firstly melted at 780 °C in a clay-graphite crucible in an electric 
furnace, then the melting was degassed by 0.5% C2Cl6. After removed the slag, holding the 
melting temperature at 710 °C for 3 min, then cast into the steel permanent mould preheated to 
200 ℃.  
Table 1 Chemical composition of design alloys 
Alloys Cu Mn Fe Al 
Al-0.5Mn-0.6Mn-0.5Fe (0.5Fe) 5.19 0.61 0.55 Bal. 
Al-0.5Mn-0.6Mn-1.0Fe (1.0Fe) 5.43 0.62 1.00 Bal. 
 
2.2 Ultrasonic melt processing procedure 
The ultrasonic system consists of a 1-kW ultrasonic generator, a 20-KHz magnetostrictive 
transducer and a titanium ultrasonic sonotrode. After the melting poured into the mould, the 
ultrasonic generator was started work. Ultrasonic processing was performed at 900 W power 
with the frequency of ~18 kHz and the amplitude of 20 μm. The titanium horn was preheated 
to 200 °C by using resistant heating coil, this step is to minimize the chill effect of cold horn. 
According to determined experiment data, the whole solidification time for the two alloys was 
~42.5 s with an average cooling rate of ~2.5 K/s [26]. So, the USP time of 30 s means that UPS 
process the melt from above liquidus temperature to solid temperature. The detailed 
information about the USP can be found in our previous work [27]. The cylindrical ingots with 
size of Φ 65 mm × 68 mm were obtained.  
    The ultrasonic intensity (I) can be quantified by the following equation [9]: 
𝐼 ൌ 12 𝜌cሺ2πfAሻ
ଶ (1) 
where 𝜌 is the density of the Al melt (2.43 g cm-3 [28]), and c, f, and A are the velocity 
(4.7 × 103 m s-1 [29]), frequency (19 kHz), and amplitude (20 μm) of the ultrasound wave inside 
the Al-5Cu melt, respectively. Thus, the ultrasonic intensity was equal to 3255 W cm-2. 
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2.3 Microstructural observation 
Cylindrical samples (~ Φ 10 mm × 20 mm) were extracted from the position near the tip of 
ultrasound horn. Routine 2D microstructure characterisation was made using a 
LEICA/DMI5000M optical microscope. Volume fraction statistics for different phases was 
performed by Image J software [30] and each condition was calculated using 30 images and 
average out. Samples for polarized optical observation were examined in LEICA optical 
microscope after anodizing with a 4% HBF4 solution for about 30 s at 20 V. Crystal orientation 
and grain size map were obtained using automated EBSD on a Nova SEM 430 equipped with 
HKL Channel 5 EBSD acquisition system. Before the sample was performed EBSD, they were 
polished by Ion Beam Milling System Leica EM TIC 3X machine at 5 kV for 2 h and 3 kV for 
0.5 h.  
2.4 Synchrotron X-ray tomography 
Samples for tomography scans were machined into cylindrical shape with a size of Φ 2 mm 
× 5 mm. These images were obtained using polychromatic hard X-rays at the TOMCAT 
beamline X02DA of the Swiss Light Source (Paul Scherrer Institut, Switzerland). The imaging 
system consists of a 100 μm LuAG: Ce scintillator coupled to a white-beam compatible 
microscope with a 6.8 × magnification.  X-rays generated by the synchrotron penetrate into the 
sample and converted into visible light by the scintillator. The detector was GigaFRoST and 
the effective pixel size was 1.62 μm. The angular projection step was set to 2000 projections 
over 180° leading to the exposure time of 7.0 ms for 4 samples. A series of raw images were 
obtained, and these images were converted to cross-sectional slices GridRec algorithm. 500 
projection (16-bit) were reconstructed into 5003 voxels with a voxel size of (1.62 micron)3. The 
Image J [30] software used to adjust the contrast between Fe-rich phases and Al2Cu phase. The 
3D segmentation and volume rendering were performed using Avizo Lite v9.0.1 (VSG, 
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France). The 3D bilateral filter was applied to the raw images in order to increase the contrast 
and reduce noise. The detailed image processing procedure is shown in Fig. 1. 
 
Fig. 1 Detailed image processing procedure: (a) a typical raw image from the tomography scan 
in 1.0Fe alloy; (b) images processed using a 3D bilateral filter; (c) pile up the images in the 
Avizo software; (d) segmented the phases through different threshold values; (e) a 3D rendered 
typical Fe-rich phases image; (f) 3D rendered different phases and pores in 1.0Fe alloy. 
 
We used the equivalent diameter Deq, interconnectivity I and specific surface area SSA to 
quantify the size and shape of the Fe phases. The equivalent diameters Deq is defined as 
average equivalent diameters of the different particles of the considered phase and the volume 
V represents the whole volume of considered phase [31] 
𝐷௘௤ ൌ ඨ6𝑉𝜋
య (2) 
The interconnectivity I is the ratio between the largest 3D individual volume (Vlarg) and the 
total volume (V) [32] 
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𝐼 ൌ 𝑉௟௔௥௚𝑉 (3) 
The other important parameter specific surface area SSA is defined as surface area A per unit 
volume V [33]: 
𝑆𝑆𝐴 ൌ 𝐴𝑉 (4) 
    The mean curvature H can be characterized using the two principal radii of curvature, R1 
and R2, as follows [34]: 
𝐻 ൌ 0.5 ∗ ൬ 1𝑅ଵ ൅
1
𝑅ଶ൰ (5) 
    The skeletonization function insert in the Avizo® software using the Centerline Tree 
technique to simplify the 3D structures of the phases into 1-voxel-thick skeletons with 
connected nodes [34]. Thus, the node length between two nodes can be calculated, and the 3D 
morphology of the phases can be quantitatively analysed. 
 
3. Results and Discussion 
3.1 Effect of USP on the 2D microstructure of the alloys 
Fig. 2 shows the OM microstructure of as-cast 0.5Fe and 1.0Fe alloys without and with USP. 
The alloys without USP contain dendritic microstructures, Fe-rich phases and Al2Cu (Fig. 2a 
and c), whereas equiaxed and homogenous microstructures are observed in the alloys with USP 
(Fig. 2b and d). The volume fraction of pores observed in the alloys with USP was less than 
those of alloys without USP due to the ultrasonic degassing effect. The type of intermetallic 
phases was identified based on chemical composition obtained from EDX and literature [22, 
23]. The eutectic intermetallic phases including Fe-rich phases and Al2Cu. 0.5Fe alloy contain 
α-Al15(FeMn)3Cu2 and β-Al7Cu2Fe, while 1.0Fe alloy presents Al3(FeMn) and Al6(FeMn). It 
was seen that the USP reduced the size of intermetallic phases and pores (Fig. 2). 
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Fig. 2 Optical micrography (OM) of the microstructure: (a) 0.5Fe alloy without USP; (b) 
0.5Fe alloy with USP; (c) 1.0Fe alloy without USP; (d) 1.0Fe alloy with USP. 
 
From the polarised light micrographs of the Al-Cu-Mn-Fe alloys without and with USP, it 
can be seen that the microstructure is mainly composed of primary α-Al dendrites and 
interdendrite intermetallic phases (Fig. 3). It is evident see in Fig. 3a and c that the large 
columnar grains and pores were observed in microstructure without USP. However, after 
applying USP, the microstructure in consists of equiaxed grains and significant grain 
refinement in are observed in Fig. 3b and d. Furthermore, the secondary dendrite arm spacing 
(SDAS) of α-Al dendrites processed by USP is obviously smaller than those without USP. For 
the purpose of investigating the effect of USP on the grain size of alloys, the EBSD orientation 
maps were presented in Fig. 4. The EBSD show similar results that USP have a significant 
grain refinement effect on the microconstituents of the alloys. It was proposed that the 
refinement was mainly due to the cavitation bubbles and acoustic streaming flow induced the 
fragmentation of α-Al dendrites and intermetallic phases [8, 9]. 
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Fig. 3 Polarised light micrographs of the alloys: (a) 0.5Fe alloy without USP; (b) 0.5Fe alloy 
with USP; (c) 1.0Fe alloy without USP; (a) 1.0Fe alloy with USP. 
 
Fig. 4 EBSD shows the grain sizes of the alloys: (a) 0.5Fe alloy without USP; (b) 0.5Fe alloy 
with USP; (c) 1.0Fe alloy without USP; (a) 1.0Fe alloy with USP. 
 
    The secondary dendrite arm spacing (SDAS) and grain sizes of the Al-5Cu-0.6Mn-
0.5(1.0)Fe alloys obtained from polarised light micrographs and EBSD results were 
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quantitatively measured and the results are illustrated in Fig. 5. It is obvious that the SDAS and 
grain size were greatly decreased by USP. Note that SDAS decreased with the application of 
USP, changing from 16.9 μm, 15.8 μm in the case of 0.5Fe and 1.0Fe alloys without USP to 
13.3 μm, 12.2 μm, respectively, after applying USP. With regard to grain size, the value of 416 
μm and 336 μm in the case of 0.5Fe and 1.0Fe alloys without USP decreased to 187 μm and 
204 μm after applying USP, respectively. Thus, this further confirming that grain refinement 
was induced by the applying of USP. 
 
Fig. 5 Variation of secondary dendrite arm spacing (SDAS) and grain size as alloys with and 
without USP. 
 
 
Fig. 6 shows the SEM images of deeply-etched Fe-rich phases, i.e., β-Al7Cu2Fe, α-
Al15(FeMn)3Cu2, Al3(FeMn) and Al6(FeMn), in the alloys without and with USP.  It can be 
seen that the 3D morphology of Fe-rich phases without USP is obviously larger than those of 
with USP. This similar result can be found in the Refs [35, 36]. As shown in Fig. 6a, the 3D 
morphology plate-like β-Al7Cu2Fe shows “hollow” characteristics, owing to the coupled 
eutectic reaction with α-Al: L → α-Al + α-Al15(FeMn)3Cu2 + β-Al7Cu2Fe + Al2Cu [6, 23] at 
542-537 ºC. After USP, 3D morphology of β-Al7Cu2Fe become much thinner (Fig. 6e). It is 
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worthy of note that α-Al15(FeMn)3Cu2 is the typical interconnected Chinese-script intermetallic 
phase formed through peritectic reaction: L + Al6(FeMn) → α-Al + α-Al15(FeMn)3Cu2 at 589-
597 °C [23], which are located in the inter-dendritic region and isolated by the (Al) dendrites 
(marked as blue dotted line in Fig. 6b and f). It is clear that the branch of α-Al15(FeMn)3Cu2 
become much more compact after application of USP, this is due to the acoustic cavitation and 
streaming flow [8, 9] break the primary α-Al dendrite and α-Al15(FeMn)3Cu2 formed in the 
inter-dendritic region at the later stage of solidification. The 3D morphology of the Al3(FeMn) 
phases were often recognized as “needle-shaped phases” (Fig. 6c), while it is more or less like 
a long rod-like structure with a few small connected branches from the vertical direction (Fig. 
6g). Al3(FeMn) is formed through the eutectic reaction: L → α-Al + Al3(FeMn). Fig. 6d and h 
reveals that Al6(FeMn) in 3D is more or less complex plate-like morphology. This complex 
morphology is because Al3(FeMn) transforms to Al6(FeMn) through the peritectic reaction:  L 
+ Al3(FeMn) → α-Al + Al6(FeMn) at 589-597 °C [23]. Al6(FeMn) inherit the 3D morphology 
characteristics of Al3(FeMn), which create the nucleation site for the Al6(FeMn) phase.  
 
Fig. 6 The SEM images showing the deeply-etched Fe-rich phases: (a-d) without USP; (e-h) 
with USP; (a, e) β-Al7Cu2Fe; (b, f) α-Al15(FeMn)3Cu2; (c, g) Al3(FeMn); (d, h) Al6(FeMn). 
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3.2 Effect of USP on the 3D microstructure of the alloys 
    In order to clearly observe the distribution of intermetallic phases in 1.0Fe alloy, the α-Al 
matrix was removed to show the representative 3D rendered structures of Fe-rich phases, Al2Cu 
and pores (Fig. 7). The complex 3D structural and large interconnectivity of network Fe-rich 
phases and Al2Cu were interwoven in the interdendrite of both alloys. As displayed in Fig. 7a, 
Al2Cu-rich area and a number of large gas pores are visible in the 1.0Fe alloy without USP. 
Whereas, Fe-rich phases and Al2Cu are homogenous distributed in the 1.0Fe alloy with USP 
(Fig. 7b).  Moreover, the volume fraction of pores in the 1.0Fe alloy with USP is less than those 
of without USP. This indicating that USP can improve the homogenous distribution capability 
and soundness of ingot. 
 
Fig. 7 Reconstructed 3D microstructures of remove the α-Al matrix in the 1.0Fe alloys 
without USP (a) and with USP (b). 
 
Fig. 8 presents the reconstructed structures of Fe-rich phases obtained from SRXCT slices 
in the volume of 810 × 810 × 810 μm3.  The different colours indicated that Fe-rich phases are 
not fully interconnected in the present volume, which is consisting of interconnected (red 
colour) and dis-interconnected (other colours) particles. Fig. 8b and f indicating that the degree 
of interconnectivity in 0.5Fe decreased after USP. And the 1.0Fe alloy show the similar trend. 
The evolution of interconnectivity, equivalent diameter and specific surface area of the Fe-rich 
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phases in the alloys without and with USP are plotted in Fig. 8. The interconnectivity of Fe-
rich phases in 0.5Fe and 1.0Fe alloys without USP is 96.9% and 88.7%, while the 
interconnectivity of Fe-rich phases in 0.5Fe and 1.0Fe alloys with USP is 79.4% and 82.5%, 
respectively. The loss in the degree of interconnectivity is due to acoustic cavitation bubbles 
continually attack the intermetallic phases resulting in the fatigue broke and distribution 
dispersedly in the solidified alloys [37]. The equivalent diameter of Fe-rich phases for two 
alloys without USP is 137 μm and 131 μm while for with USP condition is 122 μm and 125 
μm, respectively. Thus, USP process can decreased the equivalent diameter of Fe-rich phases. 
The evolution of specific surface area of Fe-rich phases indicates that Fe-rich phases become 
more compacted after USP processed. This result showing good agreement with previous 
observation of Al alloys [21]. 
 
Fig. 8 3D rendered images of the Fe-rich phases in the alloys: (a-b) 0.5Fe alloy without USP; 
(c-d) 0.5Fe alloy with USP; (e-f) 1.0Fe alloy without USP; (g-h) 1.0Fe alloy with USP. red 
colour represented the interconnected particles and other colours represented the dis-
interconnected particles 
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Fig. 9 Statistics of interconnectivity, equivalent diameter and specific surface area of the Fe-
rich phases in the alloys with and without USP. 
 
     The volume fractions calculated for Fe-rich phases, Al2Cu and pores obtained from OM and 
synchrotron X-ray tomography are summarized in the Fig. 10. For the volume fraction of 
different intermetallic phases statistics by different methods, the value for OM is higher than 
those obtained from tomography. The measured area fraction obtained from OM in 2D is 
assumed equal to the volume fraction in 3D. Therefore, the volume fractions derived from 
tomography are more accurate due to the high spatial resolution of SRXCT. The data in Fig. 
10 indicates that the volume fraction of Fe-rich phases and pores in the alloys without USP is 
higher than those of with USP. This is possible due to the effect of USP on the melting resulting 
in the increasing solubility of Cu in α-Al matrix [38]. For the volume fraction of Fe-rich phases, 
Al2Cu and pores in 0.5Fe alloy obtained from tomography, the value is 4.7%, 4.7 % and 0.9 % 
for the without USP condition, it decreased to 3.3 %, 4.2 % and 0.2 % for with USP condition, 
respectively.  For both 0.5Fe and 1.0Fe alloys, the volume fraction of Fe-rich phases increased 
while the volume fraction of Al2Cu decreased as the Fe content increased from 0.5 % to 1.0 %. 
The Fe element is combined with Cu element to form Fe-rich phases through the solidification 
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reaction in the first stage and then follow by the eutectic reaction to form Al2Cu. As the Fe 
content increased, the Fe-rich phases consumed more Cu and less Cu left in the remainder 
liquid to form Al2Cu [23]. Moreover, the volume fraction of pores in alloys is decreased after 
USP. For example, the volume fraction of pores in 1.0Fe alloys is decreased from 1.4 % without 
USP to 0.9 % with USP.  
 
Fig. 10 Volume fractions of α-Al, Fe-rich phases, Al2Cu and pore calculated from optical 
microscope (OM) 2D images and synchrotron X-ray tomography. 
 
      In order to study the effect of USP on the 3D morphology and size of Fe-rich phases, they 
were deliberately segmented to show the difference, as shown in Fig. 11. Due to the small 
difference in the X-ray energy spectrum absorption coefficient, it is difficult to segment 
different Fe-rich phases according to the similar slice contrast. Thus, the segmented Fe-rich 
phases (Fig.11) were carefully compared with the deep-etched SEM images (Fig. 6). As shown 
in Fig. 11a and b, the rod-like Al3(FeMn) phase without USP exhibits several small branches, 
while the sample with USP sample have less branches. The size and branch of interconnected 
α-Al15(FeMn)3Cu2 in the alloy with USP is much smaller than the alloy with USP (see Fig. 11c 
and d). 
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Fig. 11 Typical 3D rendered single Fe phases: (a) Al3(FeMn) without USP; (b) Al3(FeMn) 
with USP; (c) α-Al15(FeMn)3Cu2 without USP; (d) α-Al15(FeMn)3Cu2 with USP. 
 
    The complex 3D structure of large interconnectivity of networks Al2Cu in the 0.5Fe and 
1.0Fe alloys without and with USP can be clearly seen in Fig. 11a and b. In order to distinguish 
the interconnected Al2Cu particles, the interconnected Al2Cu particles were painted by green 
colour and the dis-interconnected Al2Cu particles were painted by other colours. The 
interconnectivity of Al2Cu particles in 0.5Fe and 1.0Fe alloys without USP is 88.7 % and 
84.6 %, it decreased to 88.7 % and 84.6 % after USP, respectively. This also indicating that 
USP can broke and fragmented the Al2Cu particles in the later stage solidification of eutectic 
reaction. In order to observe the detailed features, the enlarged typical Al2Cu particles in 0.5Fe 
alloy without and with USP in the volume of 129 ×100 × 230 μm3 are represented in Fig. 13. 
As shown in Fig. 13a and c, the high mean curvature region (red colour) is contacted with the 
primary α-Al matrix. The mean length of Al2Cu particle is 25 μm for the alloy without USP, 
while is 14 μm for the alloy with USP (Fig. 13b and d). This is due to the USP induced the 
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refinement of primary α-Al dendrite, Al2Cu particle can only formed in the narrow room of 
interdendrite at the later stage of solidification. This further indicating that USP resulting in the 
compact 3D structure of Al2Cu particle. 
 
Fig. 12 Typical 3D rendered Al2Cu phases: (a-b) 0.5Fe alloy without USP; (c-d) 0.5Fe alloy 
with USP; (e-f) 1.0Fe alloy without USP; (g-h) 1.0Fe alloy with USP. Green colour represented 
the interconnected Al2Cu particles and other colours represented the dis-interconnected Al2Cu 
particles. 
 
 
Fig. 13 The mean curvature and skeletonization of enlarged single Al2Cu particles: (a, b) 
0.5Fe alloy without USP; (c, d) 0.5Fe alloy without USP. 
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      Pores are the common defects in cast Al alloys, which is usually occurs as shrinkage pores 
and gas pores [39]. Owing to pores is severely deteriorated the mechanical properties, including 
fatigue properties and ductility, of alloys. Thus, pores have been attracted by more and more 
researchers [15, 40]. Large interconnected shrinkage pores and globular gas pores was 
observed in this study, are given in Fig. 14. It can be seen that mostly pores are 3D complex 
shape, which were dictated by the primary α-Al matrix in the final stage of solidification [40]. 
Gas pores is derived from the entrapped air and release of dissolve hydrogen due to the 
solubility of hydrogen in Al melting is decreased with decreasing temperature [40]. Gas pores 
usually exhibits round shape.  Fig. 14 represents the 3D reconstructed structures of pores in the 
alloys without and with USP. As summarized in Fig. 10, the volume fraction of pores for 0.5Fe 
and 1.0Fe alloys without USP are 0.9 % and 1.4 %, while for alloys with USP are 0.2 % and 
0.9 %, respectively. The ultrasonic degassing results in decreasing volume fraction of porosity, 
this phenomenon also can be found in Refs [8-12, 41]. The enlarged 3D morphology of 
shrinkage and gas pores are clearly observed in Fig. 15 a-c. As shown in Fig. 15a and b, 
shrinkage pores exhibits the 3D complex morphology and is mainly prohibited by the primary 
α-Al matrix. The high mean curvature region (red colour) is contacted with the primary α-Al 
matrix or intermetallic phases. Their sizes vary from 20 μm to 500 μm. The 3D morphology of 
gas pores is round shape and with size of ~ 10 μm, as shown in Fig. 15c. 
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Fig. 14 Typical 3D rendered structure of pores: (a) 0.5Fe without USP; (b) 0.5Fe with USP; 
(c) 1.0Fe without USP; (d) 1.0Fe with USP. 
 
 
Fig. 15 The enlarged 3D morphology of pores: (a, b) shrinkage pore; (c) gas pore. 
 
3.3 Refinement mechanism induced by USP 
    It is generally recognized [8, 9] that the following two main mechanisms resulting in the 
grain refinement: (1) acoustic streaming flow induced the dendrites fragmentation and bring 
them to form new crystals; (2) acoustic bubbles ongoing break the dendrites resulting in the 
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fatigue fracture. A schematic diagram to illustrate the refinement mechanism induced by USP 
in shown in the Fig. 16.  
 
Fig. 16 Schematic diagram showing the acoustic streaming and bubbles breaking the α-Al 
matrix and intermetallic phases induced by USP. 
 
3.3.1 Dendrites fragmentation induced by acoustic bubbles 
   The evidences were clearly showed in Figs. 2-5 that the refined and equiaxed grain structures 
can be produced after USP. It also can be concluded from Figs. 7-8 and 11-13 that the size and 
interconnectivity of Fe-rich and Al2Cu particles was decreased with the application of USP. 
The main mechanism is: ⅰ) the oscillating bubbles was cyclically attacked the primary particles 
at the liquid/solid interface, resulting in the fatigue fracture of primary particles [8, 9, 37]. 
According to the related studies reported in Refs. [37, 42], the fatigue strength of particles in 
melting caused by ultrasonic bubbles is about 20 ~ 30 MPa at high temperature. ⅱ) bubble 
implosion occurred when the negative period of the acoustic pressure, resulting in the releasing 
of high-pressure shock wave to the surrounding liquid [8, 9, 37]. The imploded bubble 
produced many tiny bubbles or bubble fragments, which is acted as nuclei for the next cycle of 
bubble nucleation, expansion and implosion. The direct observation of dynamic bubble 
behaviour induced by USP [37, 42] provide strong evidence that the primary dendrites or 
secondary particles in the solid-liquid front was attacked by the ongoing and passing of chaotic 
and violent cavitation bubble clouds and then fragmented and detached the dendrites or 
particles. These fragmented dendrites and particles were immediately sweep out by the acoustic 
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streaming flow. The sound pressure PA before the onset of cavitation can be calculated by the 
following equation [9]: 
𝑃஺ ൌ ඨ2𝑊𝜌𝑐𝑆 (6) 
where W is the useful acoustic power transmitted into the melt, 𝜌 is the density of Al melting 
(2.43 g cm-3 at 660 °C [28]), c is the velocity of sound in Al melting (4.7 × 103 m s-1 [29]) and 
S is the surface area of probe (10 mm in diameter, 7.85×10-3 m2). The consumed power by the 
transducer is 900 W in this work. Thus, the acoustic pressure is simply estimated as ~ 1.62 
MPa. Previous studies [37] showed that the cavitation threshold of Al melting was 
approximately 0.6-1.0 MPa (660 ~ 780 ℃).  The applied sound pressure in present study is 
higher than the cavitation threshold, will resulting in the ultrasonic cavitation bubbles in Al-Cu 
melt. Thus, the main refinement mechanism is the particles fragments induced by bubbles 
implosion and oscillating bubbles was cyclically attacking and then acoustic flow bring them 
to new area as nucleation sites for secondary phases (i.e. Fe-rich phases and Al2Cu) and the 
primary α-Al dendrites.  
 
3.3.2 Dendrites fragmentation and remelting caused by acoustic streaming flow 
The main mechanism of acoustic flow in melting is remelting and deflection the dendrites 
and facilitate temperature and solute uniformity in the treated volume [42]. The experiment 
results observed by synchrotron X-ray radiography [37, 42] strongly suggests that the acoustic 
streaming flow not only caused the remelting of primary dendrites or secondary particles but 
also detached these dendrites and particles. A simple model proposed by Pilling [43] and Wang 
[42] to assess the primary dendrite fragmentation caused by mechanical stress of acoustic 
streaming flow. The equation of mechanical stress 𝜎 is simplified as follows: 
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𝜎 ൌ 6𝜂𝑉𝐿
ଶ
𝑟ଷ  (7) 
Here r is the radius of the dendrite, L is the length, 𝜂 is the dynamic viscosity, and V is the flow 
velocity. The viscosity 𝜂 for Al-5Cu alloy at 660 °C is about 1.5 × 10-3 Kg m-1 s-1, length L of 
dendrites is equal to 2000 μm, velocity V of acoustic flowing is approximately 0.5 m s-1, radius 
r of dendrites is assumed to 10 μm. For the dendrite radius of 10 μm, the primary dendrites 
mechanical breakdown needs 18 MPa stress caused by the acoustic streaming flow. If the stress 
is below 18 MPa, the flow only resulting in the dendrites swag like the seagrass in the ocean 
concurrent [42].  
     Acoustic enhance streaming flow is an important method on promote the temperature and 
solute uniformity in the Al melting [9, 42]. Usually, the thermal and temperature gradient is 
presented during solidification. The acoustic flow ongoing detached and fragmented the 
dendrites and then these fragmented particles flow with melting to new area. These particles 
will be acted as nuclei for the particles on the subsequent solidification. Finally, lead to the 
temperature and solute uniformity distribution and the microstructural refinement. 
 
3.3.3 Ultrasonic degassing effect induced by acoustic streaming and bubbles 
Ultrasonic degassing has been one of the most effective way of reducing hydrogen porosity. 
As shown in Fig. 14, the volume fraction of pores in alloys after USP is greatly decreased. The 
similar phenomenon was observed in the Refs. [8-12, 41]. Ultrasonic degassing, an 
environmentally clean and sustainable technique, uses high intensity ultrasonic vibrations to 
generate oscillating pressures in molten aluminum. The alternating pressure creates a large 
number of small cavities in the liquid. Some of these cavities grow rapidly under the influence 
of the alternating pressure and the unidirectional diffusion of dissolved hydrogen from the melt 
to the cavities. These large bubbles coagulate and float to the surface of the melt due to gravity 
and the acoustically induced flows in the melt [8]. 
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4 Conclusions 
     The effect of USP on the microstructure evolution of Al-Cu-Mn-Fe alloys ere systematically 
investigated by conventional microscopy and synchrotron X-ray microtomography. The main 
results can be summarized as follows: 
1). The application of USP in melting can obtained refined, equiaxed grain structures. The grain 
size of 0.5Fe and 1.0Fe alloys is greatly decreased from 16.9 μm, 15.8 μm without USP to 13.3 
μm, 12.2 μm with USP, respectively. 
2). The size, interconnectivity, equivalent diameter of network structures of secondary phases 
(i.e. Fe-rich phases and Al2Cu) is greatly decreased after USP. This is owing to the USP 
induced fragmentation of primary and secondary dendrites via acoustic bubble and acoustic 
streaming flow. Improving the thermal and solute uniformly of alloys in the alloys. 
3). USP is the effective way to reduce the volume fraction of pores in the alloys. For 0.5Fe and 
1.0Fe alloys without USP are 0.9 % and 1.4 %, while for alloys with USP are 0.2 % and 0.9 %, 
respectively. 
 
Acknowledgement  
Authors gratefully acknowledge the support from Natural Science Foundation of China 
(51374110 and 51701075), and Team project of Natural Science Foundation of Guangdong 
Province (2015A030312003). We wish to thank all staff member of TOMCAT beamtime of 
Swiss Light Source, Paul Scherrer Institute. We also grateful to Professor Jiawei Mi’s group at 
Hull University for providing excellent working and studying environment and High-
Performance Computing facility. Financial support from the Chinese Scholarship Council (for 
Yuliang Zhao’s PhD study at Hull University in Nov. 2016 - Nov. 2017) is also acknowledged. 
25 
 
References 
[1] J.G. Kaufman, E.L. Rooy, Aluminum Alloy Castings: Properties, Processes, and 
Applications, ASM International, Materials Park, OH, 2004. 
[2] N.A. Belov, A.A. Aksenov, D.G. Eskin, Iron in Aluminum Alloys: Impurity and Alloying 
Element, CRC Press, London, 2002. 
[3] J.A.S. GREEN, Aluminum Recycling and Processing for Energy Conservation and 
Sustainability, ASM International, Materials Park, OH, 2007. 
[4] L.F. Zhang J.W. Gao, L.N.W. Damoah, D.G. Robertson, Removal of iron from aluminum: 
a review, Mine. Process. Extr. M. 33 (2012) 99-157. 
[5] W.W. Zhang, B. Lin, J.L. Fan, D. T. Zhang, Y.Y. Li, Microstructures and mechanical 
properties of heat-treated Al-5.0Cu-0.5Fe squeeze cast alloys with different Mn/Fe ratio, Mater. 
Sci. Eng. A 588 33 (2013) 366-375. 
[6] Y.L. Zhao, W.W. Zhang, C. Yang, D.T. Zhang, Z. Wang, Effect of Si on Fe-rich 
intermetallic formation and mechanical properties of heat-treated Al-Cu-Mn-Fe alloys, J. 
Mater., Res. 33 (2018) 898-911. 
[7] M.A. Easton, M. Qian, A. Prasad, D.H. StJohn, Recent advances in grain refinement of 
light metals and alloys, Curr. Opin. St.  M. 20 (2016) 13-24. 
[8] D.G. Eskin, J.W. Mi, Solidification Processing of Metallic Alloys Under External Fields, 
Springer, Materials Park, OH, 2018. 
[9] G.I. Eskin, D.G. Eskin, Ultrasonic Treatment of Light Alloys Melts, second ed., CRC Press, 
Boca Raton, 2015. 
[10] X. Liu, C. Zhang, Z.Q. Zhang, J.L. Xue, Q.C. Le, The role of ultrasound in hydrogen 
removal and microstructure refinement by ultrasonic argon degassing process, Ultrason. 
Sonochem. 38 (2017) 455-462. 
[11] Y. Xuan, T. Liu, L. Nastac, L. Brewer, I. Levin, V. Arvikar, The influence of ultrasonic 
cavitation on the formation of Fe-rich intermetallics in A383 alloy, Metall. Mater. Trans. A 49 
(2018) 1-12. 
[12] C.J. Todaro, M.A. Easton, D. Qiu, G. Wang, D.H. Stjohn, M. Qian, The effect of ultrasonic 
melt treatment on macro-segregation and peritectic transformation in an Al-19Si-4Fe alloy, 
Metall. Mater. Trans. A 48 (2018) 5579-5590. 
26 
 
[13] D.H. Bilderback, P. Elleaume, E. Weckert, Review of third and next generation 
synchrotron light sources, J. Phys. B: At. Mol. Opt. Phys. 38 (2005) S773–S797 
[14] S.R. Stock, Microcomputed tomography: methodology and applications, CRC press, Boca 
Raton, FL, 2008. 
[15]  C. Puncreobutr, P.D. Lee, K.M. Kareh, T. Connolley, J.L. Fife, A.B. Phillion,  Influence 
of Fe-rich intermetallics on solidification defects in Al–Si–Cu alloys, Acta Mater. 68 (2014) 
42-51. 
[16] C. Puncreobutr, A.B. Phillion, J.L. Fife, P. Rockett, A.P. Horsfield, P.D. Lee, In situ 
quantification of the nucleation and growth of Fe-rich intermetallics during Al alloy 
solidification, Acta Mater. 79 (2014) 292-303.  
[17] S.Terzi, J. A. Taylor, Y.H. Cho, L. Salvo, M. Suéry, E. Boller, A.K. Dahle, In situ study 
of nucleation and growth of the irregular α-Al/β-Al5FeSi eutectic by 3-D synchrotron X-ray 
microtomography, Acta Mater. 58 (2010) 5370-5380. 
[18] J.M. Yu, N. Wanderka, A. Rack, R. Daudin, E. Boller, H. Markötter, A. Manzoni, F. Vogel, 
T. Arlt, I. Manke, J. Banhart, Influence of impurities, strontium addition and cooling rate on 
microstructure evolution in Al-10Si-0.3 Fe casting alloys, Acta Mater. 129 (2017) 194-202. 
[19] R.F. Gutiérrez, F. Sket, E. Maire, F. Wilde, E. Boller, G. Requena, Effect of solution heat 
treatment on microstructure and damage accumulation in cast Al-Cu alloys, J. Alloys Compd. 
697 (2017) 341-352. 
[20] M. Timpel, N. Wanderka, B.S. Murty, J. Banhart, Three-dimensional visualization of the 
microstructure development of Sr-modified Al–15Si casting alloy using FIB-EsB tomography, 
Acta Mater. 58 (2010) 6600-6608. 
[21] J.G. Jung, S.H. Lee, J.M. Lee, Y.H. Cho, S.H. Kim, W.H. Yoon, Improved mechanical 
properties of near-eutectic Al-Si piston alloy through ultrasonic melt treatment, Mater. Sci. Eng. 
A, 669 (2016) 187-195. 
[22] Y. Zhao, W. Du, B. Koe, T. Connolley, S. Irvine, P. K. Allan, C.M. Schlepütz, W. Zhang, 
F. Wang, D.G. Eskin, J. Mi, 3D Characterisation of the Fe-rich intermetallic phases in recycled 
alloys by synchrotron X-ray microtomography and skeletonisation, Scr. Mater. 146 (2018) 
321-326.  
27 
 
[23] W. Zhang, B. Lin, Z. Luo, Y. Zhao, Y. Li, Formation of Fe-rich intermetallic compounds 
and their effect on the tensile properties of squeeze-cast Al-Cu alloys, J. Mater. Res. 30 (2015) 
2474-2484. 
[24] R. Daudin, S. Terzi, P. Lhuissier, J. Tamayo, M. Scheel, N.H. Babu, D.G. Eskin, L. Salvo, 
Particle-induced morphological modification of Al alloy equiaxed dendrites revealed by sub-
second in situ microtomography, Acta Mater. 125 (2017) 303-310. 
[25] G.X. Fei, X.X. Pu, G. Li, Z.H. Wang, H.S. Xia, HIFU induced particles redistribution in 
polymer matrix via synchrotron radiation X-ray microtomography, Ultrason. Sonochem.  49 
(2018) 97–105 
[26] Y. Zhao, Research on microstructure and mechanical properties of Al-Cu-Mn alloys 
containing high Fe and Si contents prepared by ultrasonic vibration and applied pressure, PhD 
thesis, South China University of Technology, Guangzhou, 2018. 
[27] Y. Zhao, W. Du, B. Koe, T. Connolley, S. Irvine, P. K. Allan, C. M. Schlepütz, W. Zhang, 
F. Wang, D.G. Eskin, J. Mi, Synchrotron X-ray tomography studies of Fe-rich intermetallic 
phases in Al alloys, in: Z. Fan (Eds.), Proceeding of the 6th Decennial International Conference 
on Solidification Processing, Old Windsor, UK, 2017, pp. 263. 
[28] Y. Plevachuk, V. Sklyarchuk, A. Yakymovych, S. Eckert, B. Willers, and K. Eigenfeld, 
Density, viscosity, and electrical conductivity of hypoeutectic Al-Cu liquid alloys, Metall. 
Mater. Trans. A 39 (2008) 3040-3045. 
[29] V.M. Denisov, V.V. Pingin, L.T. Antonova, S.A. Istomin, E.A. Pastukhov, V.I. Ivanov, 
Aluminium and its alloys in the liquid state, Ural Division Russ. Acad. Sci. (2005) 9. 
Yekaterinburg. 
[30] C.A. Schneider, W.S. Rasband, K.W. Eliceiri, NIH Image to ImageJ: 25 years of image 
analysis, Nat. methods 9 (2012) 671-675. 
[31] H. Toda, E. Maire, S. Yamauchi, H. Tsuruta, T. Hiramatsu, M. Kobayashi, In situ 
observation of ductile fracture using X-ray tomography technique, Acta Mater. 59 (2011) 1995-
2008. 
[32] D. Tolnai, G. Requena, P. Cloetens, J. Lendvai, H.P. Degischer, Effect of solution heat 
treatment on the internal architecture and compressive strength of an AlMg4. 7Si8 alloy. Mater. 
Sci. Eng. A 585 (2013) 480-487. 
[33] L. Ratke, A. Genau, Evolution of specific surface area with solid fraction during 
solidification, Acta Mater. 58 (2010) 4207-4211. 
28 
 
[34] Thermo scientific Avizo software 9 user’s guide,  Thermo fisher scientific, 2018. 
https://www.fei.com/WorkArea/DownloadAsset.aspx?id=34359741225 
[35] J. Barbosa, H. Puga, J. Oliveira, S. Ribeiro, M. Prokic, Physical modification of 
intermetallic phases in Al-Si-Cu alloys, Mater. Chem. Phys. 148 (2014) 1163-1170. 
[36] J.G. Jung, S.H. Lee, J.M. Lee, Y.H. Cho, S.H. Kim, W.H. Yoon, Improved mechanical 
properties of near-eutectic Al-Si piston alloy through ultrasonic melt treatment, Mater. Sci. Eng. 
A 669 (2016) 187-195. 
[37] B. Wang, D.Y. Tan, T.L. Lee, J.C. Khong, F. Wang, D. Eskin, T. Connolley, K. Fezzaa, 
J. Mi, Ultrafast synchrotron X-ray imaging studies of microstructure fragmentation in 
solidification under ultrasound, Acta Mater. 144 (2018) 505-515. 
[38] Y. Zhang, F.L. Li, Z. Luo, Y.L. Zhao, W. Xia, W.W. Zhang, Effect of applied pressure 
and ultrasonic vibration on microstructure and microhardness of Al-5.0 Cu alloy, T. Nonferr. 
Metal Soc. 26 (2016) 2296-2303.  
[39] O. Lashkari, L. Yao, S. Cockcroft, D. Maijer, X-ray microtomographic characterization 
of porosity in aluminum alloy A356, Metall. Mater. Trans. A 40 (2009) 991-999. 
[40] M. Felberbaum, M. Rappaz, Curvature of micropores in Al–Cu alloys: An X-ray 
tomography study, Acta Mater. 59 (2011) 6849-6860. 
[41] D. Eskin, N. Alba-Baena, T. Pabel, M.D. Silva, Ultrasonic degassing of aluminium alloys: 
basic studies and practical implementation, Mater. Sci. Tech. 31 (2015) 79-84. 
[42] F. Wang, D. Eskin, J.W. Mi, C.N. Wang, B. Koe, A. King, C. Reinhard, T. Connolley, A 
synchrotron X-radiography study of the fragmentation and refinement of primary intermetallic 
particles in an Al-35 Cu alloy induced by ultrasonic melt processing, Acta Mater. 141 (2017) 
142-153. 
[43] J. Pilling, A. Hellawell, Mechanical deformation of dendrites by fluid flow, Metall. Mater. 
Trans. A 27 (1996) 229-232. 
[44] G. Eskin, Influence of cavitation treatment of melts on the processes of nucleation and 
growth of crystals during solidification of ingots and castings from light alloys, Ultrason. 
Sonochem. 1 (1994) S59-S63. 
[45] W. Xu, I. Tzanakis, P. Srirangam, W. Mirihanage, D. Eskin, A. Bodey, P. Lee, 
Synchrotron quantification of ultrasound cavitation and bubble dynamics in Al-10Cu melts, 
Ultrason. Sonochem. 31 (2016) 355-361. 
 
